ABSTRACT This paper presents a millimeter-wave oscillator using frequency-boosting techniques to increase the oscillation frequency. In the proposed oscillator, a buffer-feedback oscillator and an RF negativeresistance circuit reduce the parasitic load capacitance and effective inductance, respectively. As a result, the proposed topology operates at a higher oscillation frequency than the conventional oscillators. The proposed oscillator is fabricated in a 65-nm CMOS process. The measured oscillation frequency is 82.4 GHz, and the output power is −3.9 dBm. The power consumption is 10.9 mW at a supply voltage of 1.8 V, excluding output buffers.
I. INTRODUCTION
In recent years, the millimeter-wave (mm-wave) frequency band has attracted attention for wireless communication because large available bandwidth at mm-wave band can lead to higher speed for communication [1] - [3] . The oscillator is one of the key elements involved in implementing a communication system. Among several device technologies, the CMOS process is a good candidate in mm-wave applications because of its low cost and high integration capability [4] - [6] . The maximum oscillation frequency (f max ) of the 65-nm CMOS process is 300GHz, which is a rough estimate and can vary from transistor to transistor and layout to layout [7] - [9] . However, the practical operating frequency of the oscillator is significantly decreased by parasitic capacitances, which are generated by the inductor and buffer transistor [8] , [10] . In addition, the transconductance of the transistor decreases with increasing frequency. As a result, the transconductance is insufficient to compensate for the loss and begin the oscillation at the high frequency.
The push-push oscillator [11] - [19] method is a common approach to generating high-frequency signals using the second harmonic frequency. However, it has only a singleended output and a low output power. For differential output, the push-push oscillator requires a balun to transform the single-ended signal to a differential signal, which generally decreases the output power and occupies a large area. Instead of increasing the operating frequency using harmonics, the admittance-transforming technique in [20] enhances the fundamental oscillation frequency of a conventional cross-coupled oscillator (XCO), but the transmission lines that transform the admittance occupy a large chip area.
In this paper, a buffer-feedback oscillator (BFO) combined with an RF negative-resistance (RFNR) circuit is proposed. Using both RFNR and BFO structures in the design, the proposed oscillator effectively reduces the effective inductance of the LC-tank and the parasitic capacitance of the buffer transistor, which are inversely proportional to determining the oscillation frequency. As a result, the proposed structure increases the oscillation frequency. Furthermore, the RFNR circuit adds negative transconductance to the oscillator, which improves the startup condition for oscillation.
Compared to the conventional XCO and BFO topologies, the proposed structure achieves a higher oscillation frequency and better start-up condition with differential output and still has a small chip area. In Section II, the oscillation frequency and start-up conditions of the proposed oscillator are analyzed and verified using simulation. The measurement results are presented in Section III. Finally, Section IV summarizes and concludes this paper.
II. PROPOSED OSCILLATOR TOPOLOGY
Figure 1 (a) shows the conventional cross-coupled oscillator topology, which consists of the transistor pairs (M 1 -M 2 ), inductors (L 1 and L 2 ), and buffer transistors (M buff ) directly connecting to the oscillator tank. Therefore, the oscillation frequency decreases because the parasitic capacitance, C GS , of buffer stage directly adds to the oscillator tank. Figure 1 , is connected in parallel with the LC-tank of the BFO. With the proper selection of the transistor width, the impedance of the RFNR circuit becomes the inductive reactance, which decreases the overall effective inductance of the LC-tank through its parallel connection with the BFO. As a result, the oscillation frequency of the proposed oscillator can be further increased in comparison to the conventional BFO. In addition, the negative conductance of the RFNR circuit improves the start-up conditions of the BFO.
Figure 2 (a) shows the equivalent half circuit of the RFNR shown in Fig. 1 (c) , where C gs and g m_RFNR are the gatesource parasitic capacitance and the transconductance of the transistor (M 5 or M 6 ), respectively. The impedance Z RFNR looking into the source of the RFNR in Fig. 2 (a) becomes an inductive reactance (L eq ) with negative resistance or a capacitive reactance (C eq ) with positive resistance depending on the values of L g and C gs . To improve the oscillation frequency and start-up condition, in the proposed topology, the RFNR circuit is designed to become an inductive reactance with negative resistance and connected in parallel with the BFO
Figure 2 (b) shows the equivalent circuit of the proposed oscillator in Fig. 1 (b) , where R 1 and C 1 are the resistance and parasitic capacitance of the primary LC-tank, R 2 and C 2 are those of the secondary LC-tank, and g m_BF is the transconductance of the buffer-feedback transistors (M 1 -M 4 ).
From Fig. 2 (b) , the start-up condition for the primary tank is Compared with the conventional buffer-feedback oscillator (−2/g m_BF ) [8] , the start-up condition for the primary tank is improved by adding the negative resistance to the RFNR circuit in the proposed oscillator. Furthermore, from equation (1), the increase in the parallel resistance of the proposed topology (R 1 ) leads to a higher oscillation amplitude at the same power dissipation. Therefore, the phase noise of proposed oscillator can be lower than that of the conventional oscillator.
Assuming that the transformer impedances of the primary and secondary windings are identical (L 1 = L 2 = L, C 1 = C 2 = C), the tank impedance (Z in ) is given by equation (2), as shown at the bottom of the next page. By solving equation (2), the two resonant frequencies can be derived as equation (3), as shown at the bottom of the next page, and the minimum g m_BF required for the second tank to resonate is, Figure 3 (a) shows the simulation results of equation (4), shown at the bottom of the next page, as a function of L eq , where L = 100 pH, M = 60 pH, C = 35 fF, and R 2 = 500 . As shown in Fig. 3 (a) , the proposed topology only oscillates at the lower resonant frequency (ω 1 ) because the minus value of g m_BF at the higher resonant frequency (ω 2 ) is infeasible to realize. Figure 3 (b) shows the calculated oscillation frequency of the proposed topology at ω 1 of equation (3) in comparison with those of the conventional XCO and BFO oscillators using the equations in [8] . With the decrease in L eq , the proposed topology at ω 1 achieves a much higher oscillation frequency than the calculated oscillation frequencies of the XCO and BFO. Figure 4 shows the tank impedance of the three oscillators in the simulated circuit to verify the analysis. In Fig. 1 , the proposed oscillator uses the standard transformer in the process and has the smallest inductance value. The three oscillators have identical values of L 1 (=100 pH), L 2 (=100 pH), M (=60 pH) and transistor sizes. To generate a practical value of g m_BF , as shown in Fig. 3 (a) , the inductance, L g , of the RFNR circuit is selected to be 400 pH to obtain 100 pH of L eq . From the circuit simulation results in Fig. 4 , the oscillation frequency of the proposed oscillator is 86 GHz, which is 79.2% and 26.5% higher than those of the conventional XCO (48 GHz) and BFO (68 GHz), respectively.
III. MEASUREMENT RESULTS
The proposed oscillator is fabricated in a 65-nm CMOS process. Figure 5 shows the die photograph with a size of 0.27 × 0.7 mm 2 including the pads. This chip is measured via on-wafer probing with a signal analyzer R&S@FSW85. Figure 6 shows the frequency spectrum measurement setup. The output signal is probed using GGB model 110H probes. Then, the signal is transferred to the signal analyzer using 1-mm coaxial cables. In this measurement, two 1-mm coaxial cables were used due to the long distance between the probes and the signal analyzer. Figure 7 shows that the measured oscillation frequency varies from 81.7 GHz to 84.96 GHz over the supply voltage of 1.1-2.2 V. In Fig. 8 , the measured phase noise at 82.4 GHz center frequency shows −112 dBc/Hz at 10 MHz offset frequency. Figure 9 shows the measured output spectrum of the proposed oscillator at 82.4 GHz. The measurement shows an uncalibrated output power of −6.8 dBm. The extracted losses of the probe tip and coaxial-waveguide adapter with cables are 2.1 dB and 0.8 dB, respectively, so the calibrated output power is −3.9 dBm. The implemented oscillator consumes 6.05 mA from the 1.8 V supply excluding the output buffers. Table I shows the performance summary and comparison with other mm-wave oscillators. The applied figure of merit FOM, in this comparison table is:
where L { ω} is phase noise at ω offset, ω 0 is the center frequency, and PDC is DC power consumption. The proposed oscillator in this work shows highest FOM. The proposed oscillator also shows good output power, DC-to-RF efficiency, and phase noise compared with the previous state-of-the-art oscillators with an oscillation frequency of approximately 80 GHz. 
IV. CONCLUSION
In this paper, a mm-wave oscillator is proposed to increase the fundamental oscillation frequency. By combining the BFO with the RFNR circuit, the proposed structure reduces the effective value of the inductance into the LC-tank and parasitic capacitance. The tendency and accuracy of the proposed equations and analysis are verified using circuit simulations.
The simulation results show that the proposed oscillator significantly increases the oscillation frequency compared to the conventional XCO and BFO. The measured calibrated output power is −3.9 dBm at an oscillation frequency of 82.4 GHz, while consuming a current of 6.05mA from a 1.8 V supply excluding output buffers. 
